Anisotropy of heavy hole spin sphtting and interference effects of optical polarization 
in semiconductor quantum wells subjected to an in-plane magnetic field 
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Strong efTects of optical polarization anisotropy observed previously in the quantum wells sub- 
jected to the in-plane magnetic field arrive at complete description within microscopic approach. 
Theory we develop involves two sources of optical polarization. First source is due to correlations 
between electron and heavy hole (HH) phases of ?/>-functions arising due to electron Zeeman spin 
splitting and joint manifestation of low-symmetry and Zeeman interactions of Hlf in an in-plane 
magnetic field. In this case, four possible phase-controlled electron-HH transitions constitute the 
polarization effect, which can reach its maximal amount ( ±1) at low temperatures when only one 
transition survives. Other polarization source stems from the admixture of excited light-holes (LH) 
states to HH by low-symmetry interactions. The contribution of this mechanism to total polariza- 
tion is relatively small but it can be independent of temperature and magnetic field. Analysis of 
different mechanisms of HH splitting exhibits their strong polarization anisotropy. Joint action of 
these mechanisms can result in new peculiarities, which should be taken into account for explanation 
of different experimental situations. 

PACS numbers: 78.66.-w, 78.55.-m, 75.50.Pp, 78.66.Hf 
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I. INTRODUCTION 

The linear optical polarization p of photo- luminescence 
(PL) in quantum wells (QWs) are very sensitive to low 
symmetry interactions V , which can be responsible for 
this polarization (Refsi*2i2i4). A typical situation corre- 
sponds to relatively weak V , which mixes the light hole 
(LH) and heavy hole (HH) states. By this virtue the po- 
larization reaches the magnitude about e = / /S.hl ( 
l^HL is HH - LH energy splitting) without external mag- 
netic field (Refs2i^). 

Strong polarization of luminescence from [001] - ori- 
ented quantum wells Cdi-^^Mn^Te /CdTe/ Cdi-^Mn^^Te 
and its 7r-periodic anisotropy (i.e. dependence on sam- 
ple rotation about QW normal) has been observed in 
Refsl*4 under in-plane magnetic field B. There was as- 
sumed that these properties are due to C2v symmetry 
potential of a hole in QW. It was found that polariza- 
tion and its anisotropy increases sharply with increasing 
of in-plane magnetic field and reaches few tens percents. 
This fact cannot be consistent with small value of ratio e. 
Moreover, strong polarization effects as well as the signif- 
icant contribution of fourth harmonic of aforementioned 
anisotropy for narrow QWs remains so far unexplained'^. 
The phenomenological approach developed in Ref^ in 
terms of bilinear in B representation of p cannot describe 
the strong effects when p « 1. 

The complementary approach of Ref li in terms of pseu- 
dospin formalism requires the proper determination of 
pseudospin basic functions both for real electron spin op- 
erators and for non-spin part of interaction being respon- 
sible for optical transitions. Moreover different kinds of 



HH interactions, which determine the HH splitting under 
in-plane magnetic field need further consideration. This 
means that for correct description of above experimental 
data it is necessary to have a microscopic theory in terms 
of actual electron and hole spins rather then pseudospins. 

Here, we pay attention to the well-known fact that any 
interaction splitting the degenerate electron and HH lev- 
els imposes some phase correlations between the electron 
and hole wave functions. In addition to above small con- 
tribution caused by LH-HH mixing, this correlation forms 
the polarization and its anisotropy associated with some 
pair of distinguishable electron - hole optical transitions 
regardless of spin levels splitting value. 

On the other hand, there are different possible inter- 
actions which are able to lift the HH degeneracy in a 
magnetic field (Refi^). Latter interactions impose their 
specific correlations between electron and hole "0 - func- 
tion phases as well as the period and phase of optical 
polarization anisotropy (OPA), i.e. polarization depen- 
dence on QW rotation about its normal. Thus, if one of 
the four possible electron - HH transitions prevails (for 
instance, due to low enough temperatures), one can ex- 
pect the appearance of strong optical polarization. 

In this paper, we provide a quantitative microscopic 
analysis of optical polarization anisotropy caused by dif- 
ferent low-symmetry interactions of a hole in QW. First, 
we discuss the general expression for OPA in terms of 
electron and HH -0- functions phases. Then we show that 
the different interactions leading to HH splitting reveal 
the various OPA dependencies on in-plane magnetic field 
B rotation. This demonstrates the necessity to account 
for joint contribution of aforementioned terms to OPA re- 



suiting in qualitatively new peculiarities due to interfer- 
ence effects. Finally, in the framework of our theory, we 
explain quantitatively the most interesting experimental 
results that are accessible from literature. 



II. THEORETICAL BACKGROUND 

A. Photoluminescence linear polarization 

We are interested in the linear polarization of PL- 
spectrum that involves four optical transitions from two 
electron spin sub- levels to two HH sub-levels. To avoid 
the problems of these components spectral shifts in a 
magnetic field (see below) we assume that integral PL 
intensities of polarization a can be extracted from ex- 
periment and associated with transition probabilities in 
terms of thermal population of spin sub-levels. Thus, 
according to definition 



(1) 



where the plane of a'-polarization is perpendicular to 
that of a polarization. Then, we introduce the reference 
frame associated with main crystal axes so that IS 
parallel to growth axis [001], while \\ [100] and Of \\ 
[010] lay into QW plane. 

The electron (or HH) spin splitting uj ~ uje (or lu — ldh) 
is assumed to be described by following matrix Hamilto- 
nian in certain basis |n), n = 1, 2, 



e-*' 

^9 Q 



(2) 



where w = 2|_ffi_2|, sin0 = — 2 IovHi ^/lo. Eigenvalues 
and eigenfunctions of Hamiltonian (0) are 
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V'± = -^(±e-*'/2|l)+e»»/2|2) 



(3) 

In the case of electron subjected to in-plane mag- 
netic field B = i3{cos((5, siniy9,0}, V"*^ = Hamilto- 
nian H = uj^Bs takes the form ^ in representation of 
|1) = 5 t and |2) = S |, where S* is a periodic part of 
conductivity band Bloch function, t and J, are the eigen- 
states of spin projection Sz- Here We means electron Zee- 
man spin splitting, 6 = (p is a.n angle between B and OX 

In the case of HH, = ^pi^, the basis |1) = L+ ti 
1 2) = —L_ I corresponds to ±3/2 projection of HH an- 
gular momentum on z-direction, L± = ^{X ± iY), X 
and Y are the periodic parts of valence band Bloch func- 
tions. The dependence 9 = 9{(p) have to be found for 
each specific form of HH Hamiltonian (see below) . 

The operator of interband optical transition with po- 
larization plane rotated relative to the magnetic field 




FIG. 1: The relative positions of the crystal axis x, the axis 
x' of C2v interaction H19|l . direction of in-plane magnetic field 
B and the line E of intersection of the plane of linear polar- 
ization detection with the (001) plane, and the angles that 
between these lines. 



B = i3{cos(/3, siniy9,0} by angle a about the (T^ axis 
(see Fig.l) takes the form 



(4) 



where p± — i {e^ ± iCy), and ey are transformed as x 
and y. 

Using the definitions Q and Ql, one can easily find 



the matrix element ^ 



14 



V'^ ) of electro-dipole 



optical transition between electron states t/;^, k — ±1, 
and HH states V'^ j J = il; and corresponding probability 

2 



sin2(3(y9/2 + a-6l/2), = j; 
'^■J 1 cos2 (3^/2 + a - 61/2) , 7^ j. 



(5) 



where unimportant dimensional coefficient has been 
dropped. Similarly, one can find the optical transition 
probability IFjfj for perpendicular polarization plane 
that formally means the substitution a ^ a' = a + 
7r/2 in Eq.©. Since the contribution of each of op- 
tical transitions A; — > j to total PL intensity /q. is 
proportional to spin sub-level populations of electron 



= /2^=) and HH Pi cx 
(Te and Th are the elec- 



tron and HH spin temperatures in energy units that can 
differ from lattice temperature T), general Eq. takes 
following form 



JQ) ^ M 



(6) 



Substitution of Eq. |SJ) and expressions for P^^ and P^ 
into Eq. JB)) leads after some algebra to following simple 
result 

pL"^ = ~ Peh cos (Sip + 2a -0); (7) 
Peh = tanh(u;e/2Te)tanh(u;,,/2T,0. (8) 
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Notice that Eq. Q does not describe all possible po- 
larization effects in QW. A closer look at the derivation 
of Eq. shows that low symmetry perturbations V 
of HH basis wave functions |1) and |2) should also be 
taken into account along with HH splitting in spite of 
small value e — \ {m\V\m ± Am)| / Ahl, where |m) and 
|m=F Am) are non perturbed HH (|m| = 3/2) and LH 
(|m =F Am| = 1/2) basis functions. Doing so needs a dis- 
tinction between the case Am = 1, leading to HH split- 
ting in the third order and the case Am — 2, leading to 
formation of effective g- factor in the first order. Thus, 
the perturbation V gives rise to corrections Spa ^ gS-Am 
to total polarization that can be now written as a sum 



(0) 



Spa 



(9) 



by spin splitting (PJ. A simplest situation corre- 
sponds to the electron-HH optical line splitting into 
the four plainly distinguishable components with po- 

larizations p^^,, - {w^^, ~ W^;^) / (w^^^ + W^;^) = 

—kj cos {3ip + 2a — 9) and intensities Ikj oc P^P^- If 
these components overlap with each other (i.e. splitting 
of spectral components are smaller than their linewidth 
(Tfej ) , the polarization depends on spectral position at the 
contour of a composite line of optical transitions. Thus, 
it is convenient to determine the spectral-dependent po- 
larization 



Pa (uj) 



la (uj) + la' (^) ' 



(10) 



Explicit form of 5pa depends on specific form of inter- 
action leading to HH-LH mixing. 

Comparing two contributions of different mechanisms 
to Eq. lO, let us note that electron-HH spin correlations 

(pa^''-term) dominate in OPA at sufficiently low temper- 
atures. However, the 5pa -term can dominate at high 
temperatures or zero (small) magnetic field. In the fol- 
lowing, we concentrate on two important cases: polar- 
ization Po along a magnetic field direction with a — 0° 
and polarization P45 in the plane rotated relatively by 
a = 45°. 



B. Spectral dependence of linear polarization 

In this subsection we discuss the effects of spec- 
tral shifts of electron-HH optical transitions caused 



The intensity la (w) of optical transition at the frequency 
UJ depends on lineshape of each electron - HH transition 
fkj (uj) = f [lo — [ijjQ + k^ ~ j^)), where possible depen- 
dence of Wo on magnetic field describes the effect of the 
lines center-of-mass shift in a magnetic field B. We as- 
sume also that linshapes fkj {uj) with linewidth Ukj = u 
are same for all transitions \k) — > So, Eq. (|10|l takes 
the form 



Pi"^ (-) 



(11) 



In the case of small magnetic field shifts uje and uJh ^ 
cr, the lineshape function can be expanded into power 
series 



J 



fk,j (uj) « fiAuj) ~ ^f'{Auj){kuj, - jiOh) + i/"(Ac^)(fcc^e - JUJhf, 



(12) 



r 



where /'(w) and f"{uj) are the first and second deriva- net effect similar to that of Eq. ||7J) where Peh should be 
fives of fiuj), Auj ~ uj — ujq. Substitution of this expan- changed by 
sion into the Eq. (|ll|l with regard to Eq. JSJ results in 



Pt{uj) = tanh 



2T^ 



' 2fiAuj) 



UJ,, 



tanh 



UJp 



- tanh , 
cr V 2Tp 



2Th 

UJ, 



■ tanh 



cr 



2n 



r 



a^f"{Auj) uJeUJh 
4f{Auj) ■ 



(13) 



Latter equation displays sharp polarization dependence 
on the detuning Auj. Moreover, this dependence is de- 



termined by specific lineshape. In the case of Gaussian 
or Lorentzian shape Pt(w) ~ Peh + (5 " ^) 



or 
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Pt(w) ~ Peh + 2("4a^")^ respectively. 

Finally, we have to consider the intermediate case, 
LOh ^ o uje- This is because inequality uju ^ t^^e usu- 
ally takes place in a wide range of the magnetic fields. 
Two components fc = ± of different electron spin states 
have intensities Ik oc and opposite signs of polariza- 
tion with OPA in the form similar to Q, with 

PtA^) = MtanhK/2T,0 - ^y^^)- (14) 

to be substituted instead Pf-h- 

The difference between Gaussian and Lorentzian 
shapes of spectral lines displays, respectively, 
Px.kioo) ~ fc(tanh(wh/2r/i) + Awtj,,/cr^) and 
PT.k{uj) ~ fc(tanh (w,,/2r,,) + /^uoLOh/i^i^^ + ^r^)) 
that is evident at the wing of the lines. 

Evidently, an in-plane magnetic field contributes to 
linear polarization of the optical spectra of absorption, 
refiectivity, etc. In these cases, the mechanism of wave 
functions phase correlations can become apparent due 
to HH and electron spin splitting also. As distinct from 
PL, in these cases optical transitions occur between com- 
pletely populated valence electron states and empty con- 
ductivity electron ones. Therefore, Eqs and 114|) 
describe this situation in the limit Tg and oo. 
However the polarization of reflectivity spectra should 
be described in terms of standard equation for reflection 
coefficient with transition probabilities |(SJ| . 

In subsequent calculations, we primarily focus on PL 
polarization (Eqs {Tj) and ©) since it has been thor- 
oughly studied experimentally in the literature. 

III. THE HH INTERACTIONS 

We consider sequentially the HH interactions according 
to lowering the symmetry of QW potential. In doing so 
these interactions assume to be small perturbations with 
respect to Ahl- 

A. Zeeman interaction 

Zeeman interaction in terms of hole effective angular 
momentum J = 3/2 is isotropic 

Vz = GhJ ~ GhiJx cosip + Jy sinip). (15) 

Here Gh is an effective in-plane magnetic field in en- 
ergy units that can include the effects of carrier-ion (holc- 
ion) exchange interaction in the case of DMS quantum 
structurei^''' In the case of [001]-orientated QW Vz does 
not split the HH states in first and second orders in per- 
turbation. Third order can be represented by effective 
Hamiltonian with Pauli matrices a in terms of basis func- 
tions |1) and 1 2), calculated in second order of perturba- 
tion theory according to Lowdin procedure (see Refi^) 

V^^^ — -AHLh"^icrxC0s3(p + aySinScp), (16) 



where we introduce dimensionless parameter h = 
Gh/Ahl- 

The Eq. (|16|l gives isotropic HH splitting uz = 
^AnLh^ and -^-function phase 6 = 3(^. According 
to Eq. Q this corresponds to isotropic polarization 

Pa"^ = —Peh cos 2a. Thc polarization is maximal along 
or across magnetic field direction (a = or 90°). The 
polarization is absent for a — 45°, that can be also ex- 
pected from symmetry considerations. If magnetic field is 
weak enough, one can find Peh — G\Ge/TeThA^jj^ cx B'^. 
In this case the contribution from LH admixture can be 
more important. The calculation of LH contribution to 
HH polarization stemming from LH admixture to the 
basis functions |1) and |2) gives rise to the corrections 
=-h^ and 5p^^^ = 0. 

B. Non Zeeman interaction with a magnetic field 

Symmetry of Luttinger Hamiltonian admits the exis- 
tence of non-Zeeman interaction of holes with a magnetic 
field in the form 

Vq = qiGh{jlcoiiip + JlsvcL(p) , (17) 

where qi is a relatively small parameter reflecting the in- 
teraction between valence and Ti^ -conductivity bands 
(Refi^). This Hamiltonian has non-zero matrix elements 
between HH states |3/2) and |— 3/2) that defines the ef- 
fective HH Hamiltonian in first order in perturbation l|17|) 

Vj^^ = - Ahl 91 /j(ct2; cos (yS-CTy sin (^). (18) 

Comparison of Eq. H18() with Eq. (0) gives isotropic 
HH splitting Uq — ^qiGh and T/i-function phase 9 — —ip. 
Therefore interaction (|17|l can be responsible for fourth 
harmonic of OPA {71), pa^ = — Peh cos(4(^ -I- 2a), which 
correlate with a cubic anisotropy of Luttinger Hamilto- 
nian. Note that in-plane g-tensor g^^ that can be defined 
in terms of Eq. (|18|l for HH pseudospin^ 's^ = Ux/S and 
= -cTyf^ is isotropic i.e. = 9yy: 9xy = 9yx = 0. 

C. Potentials of C2v symmetry 

Most OPA experiments performed up to now have 
found some 7r-periodic component of OPA. It was as- 
sumed, that such kind of anisotropy is due to the hole 
potentials of C2v symmetry. i'^'**'^ We consider two rea- 
sons for appearance of C2v hole potential in QW. First 
is a G2v constituent (so-called interface C2v potential) of 
heterojunction potential inherent in [001] oriented struc- 
tures composed of zinc-blend semiconductorsiiSiiiii^ In 
QW structures with common anion (cation), the con- 
tributions of two interface potentials compensate each 
other. However, this compensation is not complete in 
the case of non-identical barriers or interface profiled 
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This kind of interaction can be written in terms of hole 
angular moment in the formiS Vif = tif{Jx,Jy}, where 
tif is an interaction constant {\tif \ <^ ^hl), {Jx,Jy} = 
{JxJy+JyJx)/'2- Additionally to Vif, there is also C2v po- 
tential Vd — dSxj^yaiJxai Jyd \ caused by in-plane strainssSi 
Here c? is a deformation potential; Sx^Vd the strain with 
Xd and yd principal axes forming some angle with [100] 
and [010] directions. Actually, we do not need to con- 
sider Vif and Vd separately since their sum is also C2v 
potential Vj, which takes the canonical form in terms of 
total amplitude Tt and axes x' and y' forming angle cj) 
with [100] and [010] directions 

Vt^Tt{Jxi,Jy.}. (19) 

As an illustration, Fig.l shows a position of the coordi- 
nate axes defining the angles <j) and a. 

The potential does not lift the ±3/2 HH degen- 
eracy but results in =Fl/2 LH admixture in first order of 
perturbation theory. This generates some temperature 
and magnetic field independent polarization^ <5/9q with 
respect to polarization plane a: Sp'a^ — — i sin2((p — (j) + 
a), where t^Tt/AHL'^ 

In the presence of a magnetic field, the potential Vt 
generates an effective in-plane ^-factor for HHs.^ This 
effect can be taken into account in lowest order as inter- 
ference of H15|) and Vt H19|) . In terms of Pauli matrices, 
the HH splitting is described by the effective Hamiltonian 

^h? = -2^HLht {(Jx sin {if + 20) - ay cos {ip + 20)) , 

(20) 

which defines the phase 9 = ip + 2(1) + i: /2 and isotropic 
HH splitting Uht = 'iAnhht. In spite of this fact, rep- 
resentation of Ea. H20|l in the form of Zeeman interac- 
tion for pseudospin 's determines anisotropic g-tcnsor. 
In terms of x' and y' reference system, one can find 
abx' = 9y'y' = 0, gj^,y, = g^,^.}^ So, the effect of C^. 

-OPA iQ is described by p}^^ = ~Peh sin 2 ((^ - + a). 
If a magnetic field is sufficiently weak, one can find 
Pe/i ^ ZGhGe/'O'eTh oc B'^ X Note once again that the 
nature of polarization calculated with non-perturbed 
basic functions |±3/2) is different from that of 5p'"a' cal- 
culated with LH admixture in first order. Thus, one can 
easily imagine a situation when pa^ 3> Sp')^^ despite the 
fact that vl^^ generates p^a^ in second perturbation order 
in Vz and Vt , while 5p^a^ arises in first order in Vt ■ 



'^H and LH states that results in appearance of a 
finite HH g- factor (Ref»S). Corresponding Hamiltonian, 
describing the splitting of localized HHs can be repre- 
sented as some C2v potential (see Ref for details) 

VfJ = AnLhK (cr^ cos {p + 20^) + ay sin (p + 2(j)^ j) . 

(21) 

Here determines the axes ^ and rj for canonical form 
(fH^ representation of V^^'^ potential by means of an angle 
between x' and ^, >c — jh'^{K^ — K^)/mQAHL and K^. — 

I (^-l \-d^/diy^\ ^^h), V = i,m 12 <1 < 73, 
72 and 73 are Luttinger parameters. In the case of axially 
symmetric tjj function, the equality — gives zero 

^ht< potential. In general case, ^ K^^ , the potentials 

(|20|l and (|21|l can be combined into single quantity V^^f^ 
that takes the form 120|l with effective amplitude and 
angle 0^ instead of t and 0: 



= y(t + >ircos20^)V (>^sin20^)^ (22) 

1 . ><sin20^ 

4>r — -z arcsm h 0. (23) 

2 

It should be emphasized that the Eq. H21|l has to do 
with a single hole localized on some fluctuation of ran- 
dom QW potential. The observable PL polarization is 
the result of addition of a great number of localized state 
contributions with random amplitudes and principal axes 
directions. Thus, the complete description of PL polar- 
ization has to include an averaging over the parameters 
X and (j)^ with some distribution functions. If there is no 
preferential directions for HH localization in QW plane, 
the potential cannot lead to OPA. Moreover, nu- 
merical analysis shows that random potential H21I) can 
greatly suppress the magnitude of polarization and there- 
fore amplitude of OPA as soon as it exceeds other regular 
(non-random) interactions. In subsequent discussion we 

omit the contribution of V^\^ into OPA for simplicity. 
Nevertheless, taking into account the random potential 
influence may be in need for a description of realistic ex- 
perimental situations. 

Magnetic polaron effecti^ should also be considered as 
an intensiflcation factor for the parameter x. 



IV. INTERFERENCE EFFECTS 



D. Random potential of HH localization 

The PL in QWs is known to come from the localized 
electronic (hole) states, which are formed by a random 
potential (interface roughness, defects, etc). In general 
case, the proflle of this potential (and therefore the hole 
density) is not symmetric in QW plane. In-plane asym- 
metry of localized hole T/i-function leads to mixing of HH 



Foregoing analysis shows few important polarization 
properties attributed to different kinds of HH interac- 
tions in QW. We have found that HH splitting is isotropic 
for each HH Hamiltonian lfTB|l . lfTH|) and if^ . However, 
they reveal different OPA's that points to possible in- 
terplay among these contributions. Let us consider joint 
manifestation of interactions that can split HH states 

]/ = y]3)+l^W+42). (24) 
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First, we should find the total module LOhjl and phase B 
for matrix element 

1^1,2 = \ (uJze-'^"^ + c^.e^'^ + c^,,te-*('^+2"^+"/2)) . (25) 

After some algebra, the HH splitting can be written in 
terms of two expressions Q and R 

ujh = ^Ani/iVO" + i?2; (26) 

Q = 2i cos 2 (v3 -(/))- gi sin Aip; (27) 
R = ft,^ + 2tsin2((^-0) + gicos4v5. (28) 

In a similar manner, we calculate the polarization (jT)) 
where have to be found from definition H25|l . Thus, 
after some identical manipulations, we obtain pa for two 
values of a 

j -Peh ^ J^^, -h^~t Sin 2(y - 0), a = 0°; 
I -Pe?.^7^^-tcos2(^-0), a = 45°. 

(29) 

Here for completeness, we take also into account the cor- 
rections for LH-HH mixing. The Eq.(|25J) with Eqs © 
and H26|) are the final results of our calculations that cover 
the most practically important cases. 

One can see that HH splitting H26|l reveals magnetic 
anisotropy with finite magnitudes of t and qi despite the 
isotropic character of HH splitting of each of terms 1)24(1 
taken separately. Moreover, the effective HH transversal 
f;-factor gj^ — ujh/Gh can be turned to zero at some direc- 
tion and amplitude of a magnetic field. To demonstrate 
this fact let us note that equation — ^ + i?^ — 
agrees with the system of two equations Q = and R~0 
in variables if (the angle) and h (amplitude). Simplest 
solution of this system can be obtained in the case of 
= 0, namely (p ~ ±7r/4 and h = ^±2t + qi. 

V. DISCUSSION. COMPARISON WITH 
EXPERIMENT 

As it is obvious from the Ea. (|29|l . the anisotropy 
and possible random degeneration of HH splitting do 
not infiuence OPA for high temperatures T/,, 3> w/i, 
(or P^f, (X Uh)- In this case we may expect the ad- 
ditive contributions of different aforementioned OPA 
mechanisms: pl^^ ~ — tanh ((jje/2re), ^4"^ ~ 
— tanh ((jJe/2Te), i.e. the amplitude of second har- 

monic of OPA is proportional to t while that of fourth 
harmonic is proportional to qi. 

If HH splitting is not small as compared to temperature 
Tfi in some range of angles ip, the Ea. H29|l shows quali- 
tatively different character of OPA. Namely, the higher 
harmonics with large amplitudes can appear. This can 
be regarded as a manifestation of higher powers in ex- 
pansion of tanh (a;/i/2T/i). The Fig. 2 reports some calcu- 
lated curves of OPA and corresponding effective 5-factor 
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FIG. 2: The OPA (a) and transversal effective HH (^-factor 
g± = ujh/Gh (b) calculated for gi = 0, t = 0.01, A//l = 125 
meV, Te—Th=2K, and few magnitudes of magnetic field 
strength h = —c^/2t: c = 0.4 (curve I), c — 0.8 (curve 2), 
c = 1 (curve 3) and c = 1.25 (curve 4). 



anisotropy demonstrating a new net effect without the 
infiuence of cubic anisotropy of Vq. 

Very interesting experimental data had been obtained 
in Refi, where second and visible fourth harmonics of 
the OPA were detected in PL of 20 A CdTe QW with 
semimagnetic Cdi-xMn^Te barriers. Exchange inter- 
action with magnetic ions in the barriers and interfaces 
enlarges HH splitting that makes possible to reach a sig- 
nificant magnitude of HH and electron spin polarization 
at liquid helium temperature.^ Quantitative analysis car- 
ried out in terms of Eqs H29|l and (|26|l shows that param- 
eters h = -0.056, LUe = O.OUAhl, = Th = A/fL/720, 
t = 0.001 and qi = -0.0006 describe nicely the OPA 
experimental data of Ref.^ (see Fig. 3) assuming that 
/S.HL = 125 meV and electron and hole spin tempera- 
tures are equal to lattice temperature T = 2K. These 
calculations explain also the effect of great OPA ampli- 
fication from 0.1% (that could not be detected in Refi 
because of experimental errors) to 15% under the mag- 
netic field action. 

Successful description of experiment raises the ques- 
tion about the relationship of above obtained parame- 
ters with those for QWs with other widths. There are 
few mechanisms of QW width infiuence on OPA. (i) 
Effective fields Ge and Gh originated from carriers ex- 
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FIG. 3: Comparison of the OPA calculated in terms of Eq. 
1291 1 (solid lines) with experimental data (points) of Kusrayev 
et al (Ref.'^, Fig. 3b therein) recorded in the parallel (q — 
0°) to the magnetic field polarization plane (a) and plane 
with a = 45° rotated relative to a = 0° by 45° (b). Fitting 
parameters see in the text. 



change interaction with magnetic ions are proportional 
to overlap of electron and hole ip functions densities with 
semimagnetic barriers and interfaces. One can expect 
significant decreasing of this exchange field in very wide 
non-magnetic wells. On the other hand, the strengths 
of exchange fields can have non-monotonic dependen- 
cies on QW width due to effect of giant paramagnetic 
enhancement However, we can expect a reduction of 
a magnetic field influence on the OPA with QW broad- 
ening, especially for V^^"' contribution H16() . which is pro- 
portional to G\Ge- (ii) The HH-LH splitting depends 
primarily on Lw In the case of high QW barriers, one 
can expect I^hl oc 1 /L/^ that increases the roles of terms 

(3) (2") (2") 

^ Kt and V;iJ with QW broade ning but does not 
influence the term Vq^\ This can be principal mecha- 



nism decreasing the role of fourth harmonic with respect 
to second harmonic of OPA in Ref A. (iii) Narrow QWs 
are most favorable for carrier localization on the fluctu- 
ations of random potential as well as for polaron forma- 
tion. This increases the role of random potential H21() 
that can suppress the OPA, as noted in Section III. 

Aforementioned analysis explains qualitatively why 
fourth harmonic of OPA is evident for most narrow QW 
in the experiment Ref.^. On the other hand, it shows 
that situation with dependence of the OPA on the 
may be very complicated. Most adequate approach to 
this problem seems to consist in independent determina- 
tion of A/fL as well as Ge and Gh from magnetooptical 
measurements. Then, microscopic constants in Hamil- 
tonian H24|l should be found from comparison of general 
expressions ()29|l with experimentally observed OPA. The 
cited data of Refi do not allow to perform this program 
due to the loss of A^f^, Gg and Gh data. 



VI. CONCLUSION 

We have developed a microscopic theory of OPA in 
QWs subjected to the in-plane magnetic field. Two types 
of optical polarization contributions should be distin- 
guished. First is due to admixture of LH to HH states. 
This effect is small as perturbation theory predicts. A 
HH splitting in a magnetic field determines other type 
of polarization mechanism owing to phase correlations of 
electron and hole ij] functions. This effect can lead to al- 
most 100% polarization for suitably distinguishable four 
spectral lines of electron-HH optical transitions in spite 
of relatively small interactions (<C ^hl) responsible for 
HH spfitting. Besides, we have considered spectral prop- 
erties of OPA. These polarization peculiarities turns out 
sensitive to PL (absorption, reflectivity, etc) lineshape in 
the case of relatively small Zeeman splitting. 

Theory considers Zeeman interaction, non Zeeman HH 
splitting and C2v potentials as sources of different OPA. 
Their joint manifestation reveals peculiar OPA behavior 
due to interference effects. A random potential, localiz- 
ing HHs should be considered separately as a depolar- 
ization factor of the PL. We predicted some new effects, 
(i) the anisotropy of HH splitting (or g-factor) due to 
interference of different HH potentials, (ii) manifestation 
of fourth and higher harmonic in OPA caused by only 
C2v potential (Fig. 2), (iii) polarization suppression at the 
conditions of crossing (anti-crossing) of HH levels, (iv) 
depolarization effect of random potential influence. Our 
theory gives full qualitative description for some impor- 
tant experimental details of OPA found earlier. 

The work was supported, in part, by the INTAS 99- 
015 grant and by grant of State Fundamental Research 
Foundation of Ukraine 02.07/0125. 
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